1. Introduction {#sec1}
===============

Calcium phosphate ceramics, such as hydroxyapatite or tricalciumphosphate as well as bioglass, are successfully used as coatings to improve the fixation of dental implants or load-bearing implants in the human bone [@bib1]. The demand for surgical procedures such as hip and knee arthroplasties, primary as well as revision procedures, is projected to increase for the foreseeable future [@bib2]. The possibility of an infection is a major risk for all implants [@bib3]. The treatment of these periprosthetic joint infections is difficult and often requires the replacement of the implant [@bib4], which is a significant burden for the patient and comes at an increased economic cost [@bib5].

A possible approach to this problem is the use of an antibacterial coating, which should promote the attachment of the implant to the bone while reducing the risk of inflammation. In this study, three different metals with known antibacterial properties are combined with four different bioceramic materials to produce such coatings. The metals used for their antibacterial properties are silver [@bib6], [@bib7], [@bib8], bismuth [@bib9] and copper [@bib10], [@bib11]. The coatings are deposited using high velocity suspension flame spraying (HVSFS). Thermal spraying [@bib18] of bioceramic coatings is an established procedure, especially the deposition by plasma spraying [@bib19], [@bib20], [@bib21], [@bib22]. While the HVSFS is a comparatively new process, the deposition of bioceramic coatings has already been investigated [@bib12], [@bib13], [@bib14], [@bib15], [@bib16]. The HVSFS allows for the manufacturing of thin coatings with coating thicknesses in the range of 15--50 μm. Thermally sprayed coatings with that coating thickness can lead to advantageous mechanical properties, such as a reduced risk of delamination during crack formation [@bib17].

2. Materials and methods {#sec2}
========================

2.1. Preparation of the ceramic suspensions {#sec2.1}
-------------------------------------------

Four different feedstock powders were employed in this study: hydroxyapatite (HA) [@bib23], [@bib24] (Ca~10~(PO~4~)~6~(OH)~2~; Ceram GmbH, Germany), beta-tricalciumphosphate (TCP) (Ca~3~(PO~4~)~2~; Budenheim, Germany), a calcium potassium sodium phosphate, GB14 [@bib25], with the main crystalline phase Ca~2~KNa(PO~4~)~2~ (BAM, Germany) and a bioglass (BG) with a composition of 47.3% SiO~2~, 28.6% CaO, 15.2% P~2~O~5~, 4.90% Na~2~O, 2.50% MgO and 1.5% F (Colorobbia, Italy).

To obtain suspensions suitable for the HVSFS process, these powders were dispersed in water, isopropanol, ethanol or a mixture thereof, depending on their individual properties. All suspensions were prepared with a solid content of 10 wt-% and were milled in an attrition mill using zirconia milling balls with a diameter of 2--2.5 mm and, to prevent sedimentation, stabilized using an alkyl phosphate dispersing additive for the isopropanol and ethanol based suspensions (KV9067, Zschimmer & Schwarz, Germany) and Dolapix CE 64 (Zschimmer & Schwarz GmbH, Germany) for the aqueous suspensions.

An overview of the particle sizes, measured by laser diffraction technique (Mastersizer 3000, Malvern Instruments, Malvern, UK) is given in [Table 1](#tbl1){ref-type="table"}.Table 1Particle size before and after milling.Table 1PowderManufacturerd10 \[μm\]; before millingd50 \[μm\]; before millingd90 \[μm\]; before millingd10 \[μm\]; after millingd50 \[μm\]; after millingd90 \[μm\]; after millingHACeram1.88 ± 0.056.08 ± 0.2214.26 ± 2.030.07 ± 0.001.19 ± 0.123.81 ± 0.08TCPBudenheim1.47 ± 0.133.75 ± 0.0112.98 ± 0.120.08 ± 0.000.33 ± 0.011.10 ± 0.13GB14BAM2.66 ± 0.0117.44 ± 0.0661.00 ± 0.760.50 ± 0.071.08 ± 0.253.48 ± 0.10BioglassColorobbia2.98 ± 0.018.03 ± 0.0224.03 ± 0.171.07 ± 0.033.05 ± 0.046.89 ± 0.06

In order to achieve antibacterial properties of the coatings, three metals or metal compounds with known antibacterial properties were added to the suspensions: a soluble silver salt (silver nitrate), a soluble copper salt (copper acetate monohydrate) and bismuth particles (all from Alfa Aesar, Germany). Metals were added equal to 1.75 wt.-% based on the content of the bioceramic matrix material.

Coatings of each of the four bioceramic materials combined with each of the three metals as well as a control sample without metals were produced, meaning that a total of 16 different coatings were investigated.

2.2. Deposition of the coatings {#sec2.2}
-------------------------------

For the HVSFS process, a TopGun-System (GTV GmbH, Luckenbach, Germany) was used. A combustion chamber with a length of 22 mm and a 78 mm long expansion nozzle was mounted on the torch. The suspension was injected axially in the combustion chamber through an injector with a diameter of 0.5 mm. The suspension feeding system consists of a mechanical pump with two distinctive feeding lines, one for the suspension and one for a cleaning fluid. The suspension was constantly kept in motion and continuously stirred during the process to ensure that no sedimentation occurs.

For the preliminary investigation of the coatings and the in vitro characterization, planar grade 2 titanium substrates with a size of 50 × 50 mm^2^ were used. The torch is mounted on a six-axis robot describing a meander movement in front of the substrates with a speed of 500 mm/s. All materials were sprayed at a distance of 110 mm from the torch to the substrate, with the exception of the bioglass, which was sprayed at a distance of 120 mm.

After these investigations, the robot kinematic was adapted to coat the implants for the in vivo investigations. The implants are made of small titanium alloy rods with a diameter of 4 mm and a length of 240 mm which were cut and trimmed at a length of 16 mm from the coated rod. Due to the wide array of possible combinations, in vivo experiments for all material combinations were not possible. As a consequence, only copper doped coatings and non-doped coatings were deposited on the implant geometries.

The deposition occurs in multiple passes of the torch over the substrate depending on the substrate geometry as well as the desired coating thickness. In the case of the flat substrates, the coating was deposited in two passes while the implant geometries required up to 20 passes of the torch due to the small diameter and the curvature of the cylinder.

All substrates were grit blasted (corundum F60, pressure 6 bar) to ensure a proper mechanical adhesion, cleaned with pressurized air and degreased using acetone. While the TopGun-system allows the use of a wide variety of fuel gases, all coatings in this study were sprayed using a non-stoichiometric ethene-oxygen mixture of 210 slpm oxygen and 90 slpm ethene, favoring a fuel rich combustion with the intent of limiting the oxidation of the metals during the spraying process. The spraying parameters should ensure a sufficient melting behavior of the particles without unnecessary thermal impact to avoid thermal degradation of the materials.

A more thorough description of the HVSFS process and setup can be found in Ref. [@bib26].

2.3. Characterization of the coatings {#sec2.3}
-------------------------------------

Optical microscopy images were taken using a Leica MEF4M (Leica GmbH, Germany). SEM images of the surface and the EDX mapping of the cross-sections were taken using a field emission gun SEM DSM 982 Gemini (Zeiss AG, Germany). Hardness measurements on the cross-sections were performed with a Fisherscope H100 (Helmut Fischer GmbH & Co., Germany). Due to the coating thickness, the hardness was measured using Vickers hardness 0.01.

The phase composition of the starting powders was investigated using an X\'Pert MPD (PANalytical) with a Cu-kα radiation source operating at 40 kV and 40 mA and a PANalytical X\'Celerator detector. The phase composition of the implant coatings was measured using a Bruker D8 Discover DaVinci with parallel beam geometry operated at 40 kV and 40 mA for the hydroxyapatite, TCP and GB14 and 30 mA for the bioglass in a 2Θ range from 20 to 60°. The results were evaluated by means of the DiffracPlus Eva software, superimposing the experimental data with data from the software data base.

To evaluate the biocompatibility, a live/dead-assay Viability/Cytotoxicity Assay Kit (Thermo Fisher Scientific, Switzerland) with MG-63 cells over 3, 7, 14 and 21 days was performed and quantified.

3. Results and discussion {#sec3}
=========================

3.1. Coating structure {#sec3.1}
----------------------

As depicted in [Fig. 1](#fig1){ref-type="fig"} for the metal doped hydroxyapatite, the coatings show a distinctive color depending on the metal incorporated in the suspension. Especially for the copper and silver doped materials, the color differs optically from the typical grayish non-doped coatings, while the bismuth doped systems are closer in color to the non-doped coatings.Fig. 1Hydroxyapatite coatings doped with copper, silver, bismuth and without metal dopant.Fig. 1

[Fig. 2](#fig2){ref-type="fig"} shows the micrograph cross-sections of the different bioceramic materials without metal dopant. The micrographs show a dense and homogeneous microstructure for the hydroxyapatite, the TCP and the GB14. For the bioglass, a low level of porosity can be observed. Due to the small diameter of the implant geometry and the dense coating structure, the formation of cracks from the substrate to the coating surface can be observed.Fig. 2Cross sections of the non-doped implant coatings; a) hydroxyapatite; b) TCP; c) GB14; d) bioglass.Fig. 2

An overview of the coating thickness as well as the roughness for all coatings is shown in [Fig. 3](#fig3){ref-type="fig"}. The coatings on the flat titanium substrates show thicknesses between 10 and 25 μm, depending on the bioceramic matrix, with the highest coating thickness for the GB14 and the lowest for the bioglass. This is presumably due to a combination of lower deposition efficiency for the bioglass as well as the slightly higher spraying distance at which the bioglass was sprayed. The coatings on the implants for the in vivo study are in the range between 20 and 50 μm with a homogeneous thickness on the whole circumference.Fig. 3Roughness and coating thickness for all material combinations.Fig. 3

The addition of the different metal dopants has no significant effect on the mechanical properties of the coatings with one exception: the addition of copper in the hydroxyapatite coating results in an increase in hardness HV0.01 compared to the non-doped hydroxyapatite of about 39%, as shown in [Fig. 4](#fig4){ref-type="fig"}. For the other combinations of the different bioceramic materials and copper, silver or bismuth, no comparable trend or effect could be observed. Due to the low coating thickness, the hardness of the bioglass coatings could only be measured on the implant coatings and not the flat substrates. As a result, the data for the silver and bismuth doped bioglass is not available.Fig. 4Vickers hardness HV0.01.Fig. 4

Due to the combination of thin coatings and the grit-blasting with coarse corundum F60, the roughness of the implant coatings is comparable to the roughness of the substrate.

[Fig. 5](#fig5){ref-type="fig"} shows a selection of FE-SEM images of the coating surfaces at resolutions between 5,000× and 20,000×. The FE-SEM images show the typical surface structure expected of such thermally sprayed coatings with characteristic splat formation as well as spherically re-solidified particles.Fig. 5SEM images of the coating surfaces: A) HA; B) TCP; C) GB14; D) bioglass; E) HA with silver; F) HA with bismuth; G) HA with copper; H) TCP with silver.Fig. 5

In [Fig. 5](#fig5){ref-type="fig"}A)--D), the non-dopped reference coatings are shown for each of the four respective material systems. Due to the similar nature of the materials, especially the calcium phosphates, the microstructure of the surface appears similar. The GB14 coating however, shows a distinctive microroughness on the splats ([Fig. 5](#fig5){ref-type="fig"}D)). The crack formation already observerd in the cross-sections can also be observed in the FE-SEM images ([Fig. 5](#fig5){ref-type="fig"}B) and G)).

The FE-SEM images were used to evaluate the success of incorporating the metal dopants into the bioceramic structure.

In [Fig. 5](#fig5){ref-type="fig"}E)--G), hydroxyapatite coatings with the three metal dopants copper, silver and bismuth are shown. A distinctive secondary phase that is precipitated between the splats can be observed, especially for the silver doped coatings ([Fig. 5](#fig5){ref-type="fig"}E) and H)). These silver precipitates are an order of magnitude smaller than the particles of the bioceramic matrix and can be distinguished from the bioceramic by the use of backscattered electrons, through which the silver with the higher atomic number appears brighter than the calcium phosphate. In [Fig. 5](#fig5){ref-type="fig"}H), a 20,000× magnification of a silver-doped TCP coating shows that the silver precipitates between the TCP-splats with particle sizes in the submicron range down to 100 nm. The bismuth in [Fig. 5](#fig5){ref-type="fig"}F) also shows precipitates in the submicron range on the surface of the coating.

The copper doped coating in [Fig. 5](#fig5){ref-type="fig"}G) shows some precipitates on the surface structures. These precipitates however are not as distinctive as the silver precipitates and could also not be differentiated as clearly through the use of backscattered electrons as the silver, probably due to the lower atomic weight of copper.

For a better identification of the copper in the coating, an EDX mapping on a polished cross-section of a copper doped hydroxyapatite coating was performed ([Fig. 6](#fig6){ref-type="fig"}). In the reference image for the element mapping as well as the weight distribution of calcium, copper and oxygen is depicted. The brighter spots in the reference image correspond well with the spots of concentrated copper. For the bigger spots with a size of about 300 nm, the copper particle also corresponds with a lack of oxygen, which indicates the occurrence of metallic copper. Due to the limited resolution of the element mapping, it is not possible to distinguish between metallic copper and copper oxides for very small particles. The copper signal can be detected in all areas of the cross section, indicating that the precipitation of copper during thermal spraying results in a distribution of the copper particles throughout the coating. While it is possible that there is a concentration of metal particles in certain areas (for example on the surface) of the deposited layer, the deposition of the coating in multiple layers due to the multiple torch passes, should ensure that the metal particles are evenly distributed in the coating.Fig. 6EDX mapping of a copper doped hydroxyapatite cross-section.Fig. 6

This method of deposition of metal phases is possible through carefully adjusted process parameters such as a non-stochiometric oxygen-to-ethene ratio and the optimum spraying distance. However, due to the high temperatures during the coating process, the dopant does not occur as a pure metal phase. In case of copper, a mixture of copper as well as copper oxide (cuprite and tenorite) is deposited.

3.2. Phase analysis {#sec3.2}
-------------------

The phase compositions of the coatings were evaluated using X-ray diffraction ([Fig. 7](#fig7){ref-type="fig"}). The hydroxyapatite and the GB14 implant coating correspond well to their respective spray powders. It appears that no significant amount of thermal decomposition occurs during the spraying process which could result in the formation of other calcium phosphate phases or compounds.Fig. 7X-ray diffraction of all bioceramic coatings. Respective patterns of spray powders are shown for comparison.Fig. 7

The diffractogram of the TCP however shows a change in phase composition from the starting powder to the implant coating. This change in phase composition is probably due to the heating and melting of the material during the thermal spray process, resulting in a mixture of α- and β-TCP as well as other phases in the final implant coating. Due to the amorphous nature of the bioglass, the diffractograms of the powder and the coating are quite similar with the exception of the peaks that correspond to the titanium substrates. Because the coating thickness of the suspension flame sprayed coatings is comparable to the penetration depth of the X-ray, and since the bioglass coating are marginally thinner than the other bioceramic coatings, the titanium substrate was measured as well as the coating.

3.3. Biocompatibility {#sec3.3}
---------------------

The live/dead-assay, as shown in [Fig. 8](#fig8){ref-type="fig"} for a TCP coating with silver, was performed on all material systems to evaluate the cell viability after three, seven, 14 and 21 days. While there are some dead cells (red), the vast majority are vital cells (green). After seven days, the cells form a confluent layer.Fig. 8Live/dead-assay on TCP coating with silver after A) three days; B) seven days; C) 14 days; D) 21 days. Green: living cells; red: dead cells.Fig. 8

In [Fig. 9](#fig9){ref-type="fig"}, an overview of the viability of the cells on all materials is shown. The cell compatibility of the coatings is quite different in the beginning. The cell viability on the HA coatings is lower than the other material systems at day 3 and 7.Fig. 9Live/dead-assay on all coatings: ratio of vital cells after A) 3 days; B) 7 days; C) 14 days; D) 21 days.Fig. 9

This difference could be caused by the different solubility of the bioceramic materials, resulting in a slower or faster degradation of the coatings. However, after 21 days almost all coatings show comparable cell viability. No cell toxicity caused by the metal dopants was observed.

4. Conclusions {#sec4}
==============

Thermal spraying with suspensions offers new possibilities in regard to coating composition and properties. The combination of bioceramic suspension with metals or metal precursors results in a dispersed secondary phase in a bioceramic matrix. In this study, four different bioceramic materials were combined with different metals with known antibacterial properties in order to evaluate their potential as implant coatings that offer good biocompatibility as well as infection prophylaxis.

Especially soluble copper and silver salts offer an interesting approach for the manufacturing of these coatings due to their rather simple and reliable integration in the suspension formulation and the spraying process. By adjusting the process parameters, a suitable processing window for the combination of bioceramic matrix and metal dopant was established: the different bioceramic matrix materials show a phase composition comparable to the starting powders and a suitable crystallinity whereas the metal dopants were deposited as a mixture of metallic material as well as oxide phases. The evaporation of the liquid phase of the suspension in the combustion chamber and the subsequent precipitation of the metal particles result in a fine distribution of particles in the coatings.

While the oxidation of the metals can be controlled to a certain extent through the oxygen-ethene-mixture, torch configuration and torch kinematic, a certain amount of oxidation appears to be inevitable given the necessity of keeping the spraying parameters also suitable for the bioceramic material.

The evaluation of the biocompatibility suggests that the concentration of metal is suitable, so that the coatings show no cell toxicity. Further in vitro as well as in vivo test will focus on the biocompatibility, the release of metals and the antibacterial behavior.
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